Increasing the reward value of behavioral goals can facilitate cognitive processes required for goal achievement. This facilitation may be accomplished by the dynamic and flexible engagement of cognitive control mechanisms operating in distributed brain regions. It is still not clear, however, what are the characteristics of individuals, situations, and neural activation dynamics that optimize motivation-linked cognitive enhancement. Here we show that highly reward-sensitive individuals exhibited greater improvement of working memory performance in rewarding contexts, but exclusively on trials that were not rewarded. This effect was mediated by a shift in the temporal dynamics of activation within right lateral prefrontal cortex, from a transient to predominantly tonic mode, with an additional anticipatory transient boost. In contexts with intermittent rewards, a strategy of proactive cognitive control may enable globally optimal performance to facilitate reward attainment. Reward-sensitive individuals appear preferentially motivated to adopt this resource-demanding strategy, resulting in paradoxical benefits selectively for nonrewarded events.
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executive function | personality | working memory | dopamine | mixed blocked/event-related fMRI I n some task situations, successful behavioral performance leads to the potential for a highly rewarding outcome (e.g., gambling games, college entrance exams, sales contests) . When motivational salience is high, the increased value of the behavioral goal to be achieved needs to be translated into an optimal cognitive strategy (1) (2) (3) . Previous experimental evidence suggests that such a translation does occur, because both cognitive performance and brain activity are enhanced in behavioral situations paired with motivational incentives (e.g., monetary rewards) (4) (5) (6) (7) (8) (9) (10) (11) . Importantly, these behavioral and neural enhancements have been found to be associated with the potential reward value available on specific trials. However, there is still very little knowledge regarding the specific behavioral situations, neural mechanisms, and individual trait factors that are critical for such enhancement effects.
We have postulated a theoretical framework, known as the Dual Mechanisms of Control (DMC; ref. 12) , that distinguishes two cognitive control modes, proactive and reactive (Fig. S1A) . The former is characterized by sustained active maintenance and/or anticipatory implementation of behavioral goals in the lateral prefrontal cortex (lPFC) (13, 14) , whereas the latter is characterized by transient, bottom-up updating of goal-relevant information within a wider brain network (15) . In previous work, we have demonstrated that the DMC model predicts age-related and incentive-dependent shifts in activation dynamics in the lPFC (16) (17) (18) . However, a limitation of the prior work has been the lack of a conclusive demonstration that experimental and individual differences effects in cognitive control modes are both functionally mediated by a shift in the activation dynamics within lPFC. In the current study, we provide such a demonstration, focusing on the effects of motivational context and reward-related personality traits.
The DMC framework predicts that a proactive strategy of cognitive control implemented in lPFC will be most dominant in individuals and situations characterized by a reward-focused motivational orientation (12, 16) . Moreover, a counterintuitive prediction of the framework is that adoption of a proactive control strategy, because it involves preparatory maintenance and updating of task goals, would globally facilitate performance in rewarding motivational contexts, and not just on the particular events that are directly linked to immediate reward.
We tested the predictions of the DMC framework by examining both experimentally manipulated and individual difference effects of reward expectancy on brain activation dynamics during a demanding cognitive task involving working memory. Working memory tasks are widely agreed to involve executive control processes that serve to flexibly update the short-term storage of task-relevant information in accordance with task goals, and drive top-down attentional mechanisms that use such maintained information as a basis for the selection of task-appropriate responses (12, 14, 19, 20) . As such, the task allowed us to examine how such control processes might be modulated during reward-focused motivational contexts, as has been demonstrated in previous studies (7, 9, 11) .
Human participants (n = 31) performed the working memory task during functional magnetic resonance imaging (fMRI) scanning, in both reward (R+) and nonreward (R-) contexts ( Fig. 1A and Fig. S1B ; Methods). In the R+ context, monetary bonuses were provided for fast and accurate performance, indicated by postresponse visual feedback. Further, within the R+ context, individual trials randomly varied in reward value (high, low, or none), and participants were informed of this value before each trial onset. We then identified brain regions that were sensitive to the reward manipulations, predicting that the R+ context would be associated with a shift toward proactive control, and marked by a particular neural signature of increased sustained, anticipatory maintenance. Then, we examined effects of individual differences in trait sensitivity to reward between participants (21, 22) , using a composite index derived from standard personality assessments (23) (24) (25) . We predicted that variability in such traits would additionally modulate brain activation dynamics and performance.
Results
Behavioral Results. Reaction times (RT) showed the expected trialby-trial enhancement associated with increased reward values (F (1, 30) = 24.4, P < 0.001; Fig. S2A ; SI Methods and SI Results), suggesting that cognitive performance is modulated by potential rewards, and consistent with previous findings of motivational performance enhancement during working memory (9, 11) . Moreover, as shown in Fig. 1B , there was an additional performance enhancement due to motivational context: RT on nonreward trials in the R+ context were >20% faster (≈200 msec) than those in the R-context [t(30) = 9.0, P < 0.001]. The magnitude of this contextual enhancement also showed a significant positive correlation with the trait reward-sensitivity of participants (ρ = 0.41, P < 0.05; Fig. 1C ; SI Methods), whereas the trial-related effects of reward value within the R+ context did not (P > 0.23; Fig. S2 B and C; SI Results). These correlation results suggest that highly reward-sensitive individuals showed greater performance enhancement, but specifically due to the motivational context, rather than to the trials with the highest reward value. Accuracy was at ceiling, and so it was not affected by experimental manipulations or individual differences (SI Results).
Imaging Results. Examination of brain activity dynamics provided more direct support for the DMC predictions. One of the central predictions is that a shift toward proactive control in the R+ context should be reflected as an increase in sustained activity, and a corresponding decrease in reactive-type transient activity, indicating the reduced need for control engagement during the probe and response period. We first identified brain regions exhibiting context-related changes in both transient and sustained activity, but importantly, without assumptions regarding the direction of effects (SI Methods). The event-related analysis focused only on nonreward trials because these were matched across both contexts. Across the whole brain, two regions in the right hemisphere were identified, lPFC [Brodmann area (BA) 46/9 (41, 21, 28) ] and posterior parietal cortex [BA 40/7; (39, −51, 47)] ( Fig. 2A and Table S1 ). Although a conjunction approach was used, each contrast was individually significant at P < 0.05, corrected for multiple comparisons in the whole brain (ref. 26 ; SI Methods and SI Results). Based on our a priori theoretical hypotheses, related to the DMC framework, of lPFC involvement in proactive and reactive control, our subsequent analyses focused on the lPFC region of interest (ROI). Nevertheless, supplemental exploratory analyses were also conducted on the posterior parietal region. None of the brain-behavior and personality effects described below were significant in the parietal ROI (SI Results).
As shown Fig. 2B , in the lPFC ROI, sustained activation was significantly increased in the R+ context (R+: t (30) = 4.0, P < 0.001; R+ vs. R-: t (30) = 4.2; P < 0.001; see also Fig. S3A and Table S1 ). Conversely, the event-related response revealed a transient decrease in activation on R+ relative to R-trials, primarily in the later period of the trial (Fig. 2C) . To conduct more direct comparisons, the transient effect was quantified by separating trial-related activation into early and late periods ( Fig. S2C ; SI Methods). The earlylate decomposition of the transient activity allowed us to examine within-trial distinctions between proactive and reactive strategies. More specifically, larger late-transient activity can be considered to reflect the recruitment of reactive control (i.e., more related to the period of probe processing and response selection), whereas the early-trial period may reflect anticipatory updating and maintenance of task-rule information based on integration with the current memory set. Importantly, these two transient components were statistically independent (SI Methods), and moreover, empirically double-dissociated in terms of reward context effects (F (1,30) = 14.4, P < 0.001; see also Fig. S3A ), consistent with the idea that the two trial components reflect distinct components of task control. In the early-trial period, there was significant activation in both contexts (R+: t (30) = 3.0, P < 0.01; R-: t (30) = 5.0, P < 0.001), but no difference related to the reward effect [t (30) = 0.34, P = 0.71] (Fig.  S3A) , suggesting that both of the R+ and R-trials recruited anticipatory control processes during this period. In contrast, the context effect was significant in the late-trial period, with robust activity in the R-context (t (30) = 4.2, P < 0.001) with a significant decrease in the R+ context (R+ vs. R-: t (30) = −2.9, P < 0.01) (Fig. 2C and Fig.  S3A ). The double dissociation of brain activity dynamics (sustained and late-transient) and reward context (R+ and R-) in the lPFC was statistically reliable (F (1,30) = 13.1, P < 0.01; Fig. S3A) .
Interestingly, the activation dynamics in this lPFC region was not affected by trial-by-trial fluctuations in reward value within the R+ context (P > 0.26; Fig. S3 , SI Results), suggesting that the shift in activation dynamics was purely contextual in rewarding situations. Nevertheless, it is worth noting that such transient effects of trial reward value have been observed together with sustained effects (6) , and indeed were observed in other brain regions in this dataset (27) .
The observed patterns suggest a shift from a reactive-type transient activation mode in the R-context, to a more predominately tonic mode of activation in the R+ context, consistent with an increased reliance on proactive control as a result of high motivational salience. This dynamic shift was confirmed at a between-subjects level, in terms of a significant negative correlation between the transient and sustained effects (r = −0.67, P < 0.0001; Fig. 2D ). Thus, the reduction in late-trial transient activation was greatest in participants that showed a stronger increase in sustained activation. It is important that these effects were not due to artifacts of statistical collinearity related to the estimation method (SI Methods).
Brain-Behavior Relationships. The DMC framework suggests that proactive control facilitates optimal performance in demanding cognitive tasks. Consequently, there should be a relationship between the neural signature of proactive control and task performance. Indeed, within the lPFC ROI, there was a significant correlation between the context-dependent reduction in late-trial activity and enhancement in task performance (P < 0.05, corrected within the lPFC ROI; Fig. 3A) . Importantly, the correlation involved the nonrewarded trials in R+ context, and thus refers exclusively to the contextual effect. Indeed, there were no correlations between transient activity in lPFC and trial-by-trial performance enhancements related to reward value ( Fig. S4 ; SI Results). Moreover, the late-trial period reflects when responses were generated, which lends support to the plausibility of a causal relationship between activity and performance. Interestingly, the contextual performance enhancements were associated with a larger reduction-not increase-in late-trial activity, suggesting decreased cognitive demands in this period in participants exhibiting enhanced performance. However, the correlation is consistent with the DMC model, in suggesting that global optimization of performance in the rewarding context results from a shift away from a reactive-type transient pattern of activation ( Fig.  S1A ; refs. [16] [17] [18] .
Reward-Related Individual Differences. We then tested whether such shifts in activation dynamics induced by reward context also covaried with individual differences in trait sensitivity to reward (SI Methods). Again, significant correlations were observed within the lPFC ROI. Specifically, reward-sensitivity was positively correlated with the degree of sustained activation increase in the R+ context (P < 0.05, corrected within the lPFC ROI; Fig. 3B ). Additionally, although there were no contextual effects in early-trial activation at the group level, another positive between-subjects correlation was observed between reward-sensitivity and the context-related increase in early-trial activity (P < 0.05, corrected within the lPFC ROI; Fig. 3C ). Thus, highly reward-sensitive individuals were the ones most likely to exhibit a pattern of lPFC dynamics typified by high levels of sustained activity plus an additional boost of transient activity in the early-trial period. The early-trial transient activation boost is also highly characteristic of increased goal-driven anticipatory updating and maintenance of task information in working memory (16) (17) (18) .
Mediation Analysis. Given that reward sensitivity was also positively correlated with improved performance in the R+ context, we aimed to provide more direct and comprehensive evidence that such performance enhancements were tied to the stronger shifts in lPFC activity dynamics observed in high reward-sensitive individuals. A path model approach was employed to test whether the behavioral relationship between reward sensitivity and performance was statistically mediated by the sustained and transient activation dynamics observed in the R+ context (28) . As shown in Fig. 4A , a successful model was identified, in which reward sensitivity was positively associated with increased sustained and earlytrial activity, which were, in turn, associated with reduced late-trial activity, that led to enhanced task performance (χ 2 = 3.7, P = 0.16, AGFI = 0.67). When this indirect pathway of activity components was included, the direct pathway from reward sensitivity to performance dropped to a nonsignificant level, indicating statistical mediation (indirect effect: 0.15, P < 0.05). To ensure that these results were not biased by the use of individual correlation tests to define the region of potential mediation, the successful model was again tested by defining the mediation region purely based on the group-wise sustained and transient activation contrasts, without any reference to the individual correlation tests. Importantly, the mediation effect was again confirmed ( Fig. S5A ; SI Results).
Alternative models were also tested but were not found to be successful, indicating that the indirect path effects were highly specific (Figs. S5B and S6; SI Results). In particular, we found that the mediation effect was only significant when each of the early, late, and sustained components were included in the model in their temporally correct sequence. This finding increases confidence that the mediation pattern was due to the full shift in activation dynamics rather than a simple change in activation magnitude.
The statistical mediation model makes more concrete the idea that individual differences in reward sensitivity may reflect qualitatively different cognitive control strategies used for task performance. Fig. 4B shows the magnitudes of sustained, early-and late-trial transient components for the 10 highest and 10 lowest individuals defined in terms of reward-sensitivity score (Fig. 4B) . High reward-sensitive individuals are characterized by greater sustained activity in the R+ context, supplemented by an additional transient activation boost in the early-trial period, which reduces the late-trial activation. In contrast, for low rewardsensitive individuals the smaller R+ increase in tonic and earlytrial activation resulted in the continued need for a strong boost in activity during the late-trial period.
Discussion
This study identified critical factors that contribute to the behavioral performance enhancement observed in demanding cognitive situations involving reward expectation. First, the motivational context appears to exert a significant influence over behavior and brain activity, because these were modulated even on nonrewarded trials performed within a rewarding motivational context. Second, this contextual effect was accomplished by a shift in the temporal dynamics of brain activity, and not just by a simple change in activation magnitude. Finally, the personality trait of reward sensitivity specifically modulated the contextual effect, with greater performance enhancement and modulation of activity dynamics occurring in highly reward-sensitive individuals.
The pattern of activation dynamics observed in high and low reward-sensitive individuals illustrates well the distinction between proactive and reactive cognitive control strategies. Specifically, working memory tasks such as this one can be performed reasonably successfully with a reactive strategy that involves just-in-time transient reaccessing of task rules and configurations for encoding, maintenance, and response selection in a stimulus-triggered manner, following the presentation of memory set and probe items (12) . In contrast, an optimal proactive control strategy would involve sustained maintenance of task set and anticipated rule use across trials (i.e., even during intertrial intervals) to facilitate the transient encoding and translation of memory set information into a prospective expectancy regarding the upcoming probe (i.e., prepare a target response if the probe is one of the expected memory set items) before its onset. Our results are consistent with general findings regarding right fronto-parietal cortex in preparatory attention (15) and our prior empirical work (16) (17) (18) in demonstrating that the distinction between proactive and reactive control modes occurs in terms of activation dynamic shifts.
The reactive control mode may often times be sufficient for producing high accuracy rates. However, to maximize reward attainment, reactive control is not an optimal cognitive strategy, at least for conditions in which it is critical that responses are not only accurate but also fast (12) . The specific task paradigm used in this study may be ideal for the detection of such individual difference effects precisely because such a high degree of performance was possible even with ipants are plotted to demonstrate: (A) the significant negative correlation that was observed between RT contextual facilitation and late transient activity in R+ trial, indicating that faster RTs were associated with reduced activity; (B) individuals with higher reward sensitivity score exhibited greater sustained activity during R+ block; and (C) the higher-score individuals also exhibited greater transient activity during the early period of R+ trial.
a reactive control strategy. It might be interesting, however, to contrast the pattern observed here with reward-context effects and individual differences present in paradigms that make stronger control demands (8, 10) . One possible prediction is that, although groupaverage effects of reward context might be larger, individual difference effects might be attenuated because, in paradigms with very high control demands, it may be necessary to shift to proactive control to obtain successful performance, whereas in the current paradigm it may have been a more optional strategy. The lateral prefrontal cortex has consistently been implicated during performance of working memory tasks, exhibiting persistent neuronal activity during delay periods (14, 19, 20) . However, the increased lPFC activity observed here was present not only during the early-trial period in which memory set items were encoded and maintained, but also extended to intertrial intervals that did not involve retention of memory set items. It is thus unlikely that this lPFC region is primarily involved in the short-term storage of memory set items, but instead is more related to maintenance of goal-related information needed for successful performance, such as task sets or rules (29) . Indeed, recent empirical work has suggested that lateral PFC is preferentially involved in active maintenance of goal-related information (30) (31) (32) (33) (34) (35) . Interestingly, PFC neurons also code information related to the reward context (3, 7, 36) . Thus, a primary implication of our findings is that the right lPFC represents goal-relevant information (e.g., task rules; ref. 29) that incorporates the potential reward value of task goal achievement, according to the current motivational context (3, 20) .
Previous studies have explored neural mechanisms that underlie reward expectancy effects across a range of cognitive domains (4) (5) (6) (7) (8) (9) (10) (11) . These studies have consistently demonstrated that increasing trial reward value is associated with increasing transient activity on such trials. A recent study further suggests that effective connectivity between lateral and medial PFC changes as a function of motivational factors (8) . Importantly, in that study, the shift in lateral-medial connectivity was related to block-related rather than trial-related changes in motivational value, consistent with our findings. Another study found both transient and sustained modulations in lPFC regions in accordance with reward values (that were modulated and reinforced in a blockwise, rather than trial-specific manner) as well as to personality traits of reward drive (6) . One possibility of these modulations is that the lPFC integrates task information with accumulated reward value in both a transient and sustained fashion, when this information must be internally maintained and updated both across motivational contexts and trials. Like the current findings, these results point to the importance of contextual and sustained, as well as trial-specific and transient effects of motivation.
An important question raised by our findings is why individual differences in reward-related personality traits, which have been shown to modulate activity in brain reward circuitry (37) , can also be specifically linked to contextual changes in cognitive control. One possibility is that such traits reflect the persistency of reward-triggered behaviors regulated by the mesocortical dopamine (DA) system (21, 38) . Indeed, the midbrain DA system plays a central role in the processing of reward and motivational information through both phasic and tonic signaling (39, 40) . Moreover, genetic variation in the DA system is associated with stable individual differences in both affective dimensions of personality (41) and reward-related cognitive processes (42) . The DA projection to lateral PFC, known to modulate working memory functions (43), enables proactive control by regulating phasic and tonic DA signals (44) . Thus, high reward-sensitive individuals might possess a DA system that provides the optimal tonic-phasic balance required for proactive control (21, 45, 46) . However, this interpretation does not rule out a possibility that the contextual effect, especially the increased sustained activity in the lPFC, is maintained by each individual instance of reward delivery.
In summary, the findings presented here highlight key dimensions relevant to investigations of the neural bases of personality, motivation, and cognitive control. We have suggested that rewardsensitivity, an affective component of personality (21, 41, 47, 48) , points to a particular endophenotype in which lPFC cognitive control mechanisms are selectively modulated in rewarding situations. Another dimension is the finding that it is the temporal dynamics of brain activity that mediates cognitive control and personality effects, and not just the simple magnitude of brain activity. A last critical dimension is that motivational variables can enable reprioritization of behavioral goals in cognitive situations (1-3, 20) . Thus, utilization of motivational manipulations may be a powerful means of isolating, dissociating, and characterizing the various components of cognitive control.
Methods
Task and Procedure. Participants perfromed a Sternberg-type working memory task (ref. 47 ; Fig. S1 ). Incentives were indicated via a reward cue presented at the beginning of each trial, indicating the amount of potential monetary reward for a correct response faster than a pre-specified threshold. There were three different possible reward cues indicating a 75-cent (high), 25-cent (low), or no potential reward. A 5-word memory set was then presented on the screen, followed by a delay period that served as a retention interval. After the delay, a probe word was presented, and participants had to decide whether the probe word was included in the memory set. Post-response visual feedback indicated if the response was rewarded.
A mixed blocked and event-related fMRI design was used ( Fig. 1A; ref. 48 ). Two types of task blocks were administered, the rewarding block (R+) and nonrewarding block (R-). The R+ block consisted of both rewarding and nonrewarding trials, whereas the R-block consisted of only nonreward trials. The critical components were the blocked (sustained) effect between the R+ and R-blocks and the trial-by-trial (transient) effect between the nonreward trials in the two blocks. The transient effect was examined based on contrasting nonreward trials across the two block types. Before the start of each functional run, participants were instructed regarding the block (R+ vs. R-), and further in the R+ block, about the value and variety of rewards available (high, low, none) to minimize the degree of reward prediction error experienced when encountering different trial reward values across contexts.
Data Analysis. A general-linear model approach was used to estimate signal magnitudes for both transient and sustained activity. The sustained and transient effects are simultaneously but independently coded within the same GLM (48) . For the sustained effect, R+ and R-blocks were coded by a box-car function using an assumption of a fixed-shape response. For the event-related effects, R+ and R-trials were coded by a series of delta-function regressors. Because the transient regressors are sparsely distributed within a task block, any negative correlation between transient and sustained activity (Fig. 2D) should not be attributable to the collinearity.
The event-related and sustained estimates for the imaging data were then submitted to a group analysis by using a voxel-wise random-effects model. Whole brain exploratory analysis was first performed to identify brain regions that revealed a shift in brain activity dynamics between R+ and R-block/trials in terms of both of the sustained and transient effects, P < 0.05 corrected for multiple comparisons across the whole brain. Brain regions were reported significant only if the conjunction null hypothesis was rejected (26) .
ROI analyses were then performed to examine profiles of the activity dynamics. Because each trial consisted of multiple events, two activity components of interests (early, late; Fig. 2C) were extracted from the time course of the transient effect (see ref. 49 for similar approach). The earlytrial component likely includes activity that is primarily related to the presentation of reward cue and encoding of the memory set, whereas the latetrial component primarily includes maintenance of the word set and the response to the probe, but likely not any reward feedback effects.
Brain-Behavior and Individual Difference Analyses. Brain-behavior relationships were examined by exploring individual differences in personality traits, behavioral performance, and brain activity within the lPFC ROI identified in the whole brain exploratory analysis above. Voxel-wise correlation coefficients were computed between the behavioral or personality measurements and activity components (sustained, early-transient, and latetransient). Significant correlations were reported above the threshold of P < 0.05, corrected for multiple comparisons within the ROI.
Mediation Analyses. To test whether the brain activity components can reliably account for the covariation of the two behavioral measurements [reward sensitivity and reaction time (RT)], a mediation analysis was performed (28) . The independent (predictor) and dependent (predicted) variables were the reward sensitivity score and the RT enhancement in the R+N trial, respectively. The present model constitutes a single mediator model, with the mediator consisting of two activity components in series (Fig. 4A) . Specifically, one component consists of the sustained activity and early transient activity, and the other component consists of late transient activity, constituting a step-wise mediator, based on the temporal order of the task. All of the regression coefficients in the model were estimated simultaneously in a multivariable regression. The appropriate model was further tested by using a different ROI definition to test the robustness of the mediation effect. In a separate control analysis, to examine the specificity of this model, several possible alternative models were tested.
See also SI Methods for full descriptions. , and 4-6 letters (5.0 ± 0.81) in length. The frequency of the words was 9.62 ± 1.04 (log-transformed; mean ± SD) based on the Hyperspace Analog to Language (HAL) corpus (2) . No words were presented more than once during the experiment. Visual stimuli were presented by using PsyScope software (3) running on an Apple PowerMac G4. Stimuli were projected to participants with an LCD projector onto a screen positioned at the head end of the magnet. Participants viewed the screen through a mirror attached to the head coil. Behavioral responses were recorded via a hand-held fiber-optic, light-sensitive response system interfaced with the PsyScope Button Box.
Supporting Information
Procedure. Fig. S1B illustrates a working memory trial, consisting of the following series of events. At the beginning of each trial, a fixation cross was presented for 500 ms, followed by the reward cue presented on the center of the screen for 1,000 ms, indicating the amount of potential monetary reward if participants made a correct response within cut-off time. There were three different possible reward cues: three dollar signs ($$$) indicating a 75-cent (high) potential reward, a single dollar sign ($) indicating a 25-cent (low) potential reward, or a blue square indicating no potential reward. Immediately after the reward cue, the 5-word memory set was presented on the screen for a 2.5-s encoding period. A 3.5-s delay followed which served as a retention interval. After the delay, a probe word was presented for 0.5 s. After probe presentation, a response was required to indicate whether the probe matched an item from the memory set. Participants were encouraged to respond both accurately and quickly. Probe responses were indicated by pressing one of two buttons on a handheld response box, and were followed by a 2.5-s delay, then feedback for 2.0 s indicating the reward received on that trial. On reward trials, correct responses made before the cut-off time were followed by visual feedback indicating the reward received (i.e., "+75 CENTS" or "+25 CENTS", depending on the reward cue). Conversely, incorrect responses or those slower than the cut-off time were followed by visual feedback indicating that no reward was received ("--"). On non-incentive trials in R+ blocks and trials in R-blocks, correct responses were followed by a neutral message ("Next Trial Coming Up"). Cut-off times were individually set for each participant, based on their own median correct reaction time on trials performed in the nonreward block. The next trial started after the intertrial interval lasting 2.5-7.5 s with 2.5-s steps. Total monetary rewards were paid to the participants after the experiment. Participants were practiced on the task before the experimental sessions.
The present study employed a mixed blocked and event-related fMRI design that enabled independent and simultaneous extraction of transient and sustained brain activity (ref. 4 ; Fig. 1A ; see also fMRI procedure). Two types of task blocks were administered, the rewarding block (R+) and nonrewarding block (R-). The rewarding block consisted of three types of pseudorandomly intermixed trials: high reward trials (R+H), low reward trials (R+L), and nonreward trials (R+N), whereas the nonincentive block consisted of only nonreward trials (R-N). Because this study mainly focused on differences in the nonreward trials between R+ and R-blocks, in the main text, the R+N and R-N trials were referred to R+ and R-trials, respectively, but otherwise reward value is explicitly indicated (i.e., R-N, R+N, R+L, or R+H). The first trial of the R+ block never contained a R+N trial, and the R+N trials always followed a reward trial (R+L or R+H). Each task block consisted of 10 trials and lasted 167.5-180 s, interleaved by fixation blocks lasting 50 s. One R+ block involved 2 R+N trials, 4 R+L trials, and 4 R+H trials. Each functional run consisted of two task blocks involving the same condition, and two functional runs were administered for each of the conditions. Personality Assessment. To assess dispositional traits related to sensitivity to rewards occurring in daily life, three standardized personality assessments were administered to each participant. One assessment was the Behavioral Activation System and Behavioral Inhibition System, which assesses reactivity to reward and penalty cues and their effects on emotional and behavioral responses (BAS/ BIS; ref. 5). The second one was the Generalized Reward and Punishment Expectancy Scale, which assesses global expectation of the likelihood of rewards and penalties accruing (GRAPES; ref. 6 ). The last one was the Regulatory Focus Questionnaire, which assesses the tendency to capitalize on opportunities for reward and avoid penalizing outcome (RFQ; ref. 7) . Although each of these three assessments provides one scale for reward traits and another one for penalty traits, only the reward scales were used in the analysis because the present study focused on reward sensitivity. These three assessments measure similar personality traits on one hand, but examined distinct aspects of the reward-related trait on the other hand (i.e., sensitivity for reward cue in BAS, expectation of reward in GRAPES, and promotion goal by reward in RFQ). The present study aimed to examine individual variability in a more general reward-related trait, rather than specific aspects associated with any one scale. Consequently, we computed a composite index, termed "reward sensitivity", based on all three scales, following an approach used previously in personality research (8) . The reward sensitivity score for each individual participant was defined as the average of the z scores of the three assessments (z score was calculated for each score and participant). Z score averaging is a standard psychometric procedure that maximizes generality and minimizes statistical distortion in individual variability with small sample sizes (8) . Note that the mean and standard deviation of the three personality scores were within normal range (see also Results), indicating that sample biases should be minimal. One participant was excluded from reward-sensitivity analyses because of a score in the outlier range. . Functional images were acquired by using an asymmetric spin-echo echo-planar imaging (TR = 2.5 s; TE = 25 msec; FA = 90 deg; slice thickness = 4 mm; in-plane resolution = 4 × 4s mm 2 ; 32 slices) in parallel to the anterior-posterior commissure line, thus allowing complete brain coverage at a high signal-to-noise ratio. Each scanning run consisted of two task blocks alternating with three fixation blocks. During the task block, intertrial interval was variable from 2.5 to 7.5 with 2.5-s steps to obtain temporal jitter required to deconvolve event-related fMRI response. The first four images in each run were excluded from analysis to ensure equilibrium of longitudinal magnetization. Two scanning runs were administered for each of the R+ and R-conditions. Data Analysis. All functional images were first temporally aligned across the brain volume, corrected for movement by using a rigidbody rotation and translation correction (9, 10) , and then registered to the participant's anatomical images to correct for movement between the anatomical and function scans. The data were then intensity normalized (to an arbitrary value of 1,000), resampled into 3-mm isotropic voxels, and spatially smoothed with a 9-mm FWHM (full width, half maximum) Gaussian kernel. Participants' structural images were transformed into standardized Talairach atlas space (11) by using a 12-dimensional affine transformation. The functional images were then registered to the reference brain by using the alignment parameters derived for the structural scans.
Sustained and transient effects were simultaneously but independently coded within the same GLM, enabling dissociation of these effects (4) . The logic of the GLM estimation is that eventrelated effects will decay back to baseline during the ITI, whereas sustained effects should remain relatively constant, and of increased amplitude relative to control (fixation) blocks. This approach has been also validated via both simulation and empirically based methodological studies (4) . Given this simultaneous GLM coding for the sustained and transient events, the baseline state in the GLM reflects activity during the 50-s fixation blocks that are interleaved with the task blocks, thus assuring a stable estimate of baseline activation levels. For the sustained effect, the two types of task block (R+ and R-) were coded by a box-car function using an assumption of a fixed-shape response of long duration (i.e., boxcar convolved with a gamma function; ref. 12). For the event-related effects, two types of trials of interest (R+N and R-N trials), together with noninterest trial types (R+L, R+H, and error) and transient effects during block transition (13, 14) , were separately coded by using a series of regressors along the hemodynamic response epoch for a trial. The duration of this epoch was 30 seconds (i.e., 12 time points/regressors), given the 12-s duration of one WM trial. Note that these 12 time points for transient effects were statistically independent and individually estimated in the GLM. Further, the delta-function method of estimation for transient events reduces multicollinearly between transient event and sustained events, compared with convolving transient events with hemodynamic response functions (15) , because the transient regressors are more sparsely distributed within a task block. More specifically, the correlation between the sustained regressor and each timepoint (frame) estimate of the transient effect averages less than 0.22 and 0.10 in the R-and R+ conditions, respectively. These magnitudes are less than half of those reported in previous studies (15) . Thus, any negative correlation between transient and sustained activity (see Fig. 2D ) should not be attributable to the collinearity. Linear drifts within each functional run and constant signal shifts across the runs were also included as covariates of no interest in the GLM. These regressors were used in place of a high-
The event-related and sustained estimates for the imaging data were then submitted to a group analysis by using a voxel-wise random-effects model. The primary analysis of interest was based on the comparison between R+ and R-trials/blocks. Note that only nonrewarding trials were compared for transient effect. Whole brain exploratory analysis was first performed to identify brain regions that revealed a shift in brain activity dynamics between R+ and R-block/trials in terms of sustained and transient effects. Specifically, this shift in dynamics was tested by the conjunction of the following two contrasts: (i) a significant difference in sustained activity during R+ and R-block (P < 0.01) and (ii) a significant trial by time effect for the transient activity during the R+ and Rtrial (P < 0.01). Then voxel clusters identified by the conjunction were assessed for significance by using the AlphaSim Monte Carlo procedure (http://afni.nimh.gov/afni/). This procedure estimates the statistical significance of voxel clusters at various sizes by simulating cluster occurrences under random distributions within a region mask. A rigorous threshold was used, P < 0.05 corrected for multiple comparisons across the whole brain. Importantly, brain regions were reported significant only if the conjunction null hypothesis was rejected (i.e., rejection rate was controlled by the larger P value in the two contrasts; ref. 16 ).
Region-of-interest (ROI) analyses were then performed to examine profiles of the activity dynamics for each ROIs. Because each trial of the present WM paradigm consisted of multiple events (i.e., reward cue, encoding, delay, probe, feedback), two activity components of interests were extracted from the time course of the transient effect (see ref. 17 for similar approach). One is the earlytrial component, defined as the differences in parameter estimates between the average of frame 2 and 3 and the average of the 1, 10, 11, and 12, and the other is the late-trial component, defined as the differences in parameter estimates between the average of frame 4, 5, and 6 and the average of the 1, 10, 11, and 12.
The within-trial decomposition of the activity timecourse is statistically appropriate because, as stated above, the signal magnitude of each time point was estimated based on statistically independent regressors (4) . With the time constant of the hemodynamic response (3-6 s), the early-trial component likely includes activity that is primarily related to the presentation of reward cue and encoding of the word set, whereas the late-trial component primarily includes maintenance of the word set and the response to the probe but likely not any reward feedback effects. Although some of the activation level in the late component may have been influenced by the bleeding-over effect of BOLD signal from the early component, statistical dissociation is still possible (18) . Further, the early-late division corresponds well to the distinction of proactive-reactive control, because proactive control should affect both transient updating processes occurring during memory set presentation, and anticipatory maintenance of attentional expectancies regarding the probe. In contrast, reactive control should affect the reaccess of goal-related information at the time of the probe to enable successful response selection.
Trial-related effects of reward value were also examined. For R+N, R+L, and R+H trials, transient activity was decomposed into early and transient periods, with an identical procedure as stated above. Then a one-way repeated-measure ANOVA was performed to test whether each transient component was modulated according to the trial reward value. Note that, because nonreward trials in the R+ block (R+N) were intermixed with reward trials (R+L, R+H), reward-related effects may have been maintained and/or carried over into nonreward trials. Nevertheless, these carry-over effects are still appropriately referred to as "context effects".
Brain-Behavior Relationship Analysis. Voxel-wise Pearson correlation coefficients were computed between the behavioral or per-sonality measurements and activity components. In analyses involving RT data, the R+ context effect was estimated by partialling out the RT in R-trials from the R+ trials (i.e., the residual of a simple regressionwasused).AseparateanalysisusedRTdatarelatedtotrial reward value. In this analysis, the correlation was calculated between RT enhancement and brain activity in the ROI during R+H, R+L, and R+N trials by using similar procedures. Voxel clusters identified in correlational analyses were then assessed for significance by using the Monte Carlo procedure within the ROI identified in the whole brain analysis. Significant correlations were reported above the threshold of P < 0.05, corrected for multiple comparisons by using the Monte Carlo procedure within the ROI.
In the mediation analysis, the independent (predictor) and dependent (predicted) variables were the reward sensitivity score and the reaction time (RT) enhancement in the R+N trial, respectively. The present model constitutes a single mediator model, with the mediator consisting of two activity components (Fig. 4A) . Specifically, one component consists of the sustained activity and early transient activity, and the other component consists of late transient activity. These components constitute a single but step-wise mediator based on the temporal order of the task. In a separate control analysis, another model was tested by reversing the casual relationship of the activity components (i.e., the late-task effect was predicted by the reward sensitivity score, and the sustained/ early-task effect predicts the behavioral performance; Fig. S5B) . Additionally, models with only one component mediator were tested to examine whether each of the activity components sufficiently explained behavioral variability in both of the RT and reward-sensitivity score (Fig. S6) .
Each activity component was extracted from the set of voxels that exhibited a conjunction effect of the three correlations within the ROI identified in the whole brain exploratory analysis: (i) sustained activity and reward sensitivity score, (ii) early transient activity and reward sensitivity score, and (iii) late transient activity and RT. These activity components were contrasted between R+ and Rtrials/blocks before statistical testing. Then, the early transient activity and sustained activity was averaged within participants, and the late-transient activity was orthogonalized to the early-related activity by using regression residuals to eliminate a bleeding-over effect from the early component due to serial autocorrelation in the BOLD signal. For the RT, the regression residual of the RT in the R+ trial was used by partialing out the RT in the R-trial. A critical statistical test in the mediation analysis is the significance of the indirect effect from the reward sensitivity to RT via the brain activity components. All of the regression coefficients in the model were estimated simultaneously in a multivariable regression. The indirect effect was tested by using the bootstrap procedure (19) , with the bias-corrected confidence-interval procedure implemented in Amos 17.0 (SPSS) repeated in 2000 samples (20) . Regression coefficients were tested by using a maximum likelihood method and also confirmed by using the bootstrap procedure for consistency.
To examine whether the indirect effect was unusually inflated by the definition of the lPFC region of interest (i.e., conjunction of the threecorrelationcontrasts),asupplementaryanalysiswasperformed in which the lPFC ROI was identified independently of the correlation. Specifically, brain regions were extracted by using a conjunction of two contrasts: (i) significant difference in sustained activity during R+ block and R-block (P < 0.001) and (ii) significant trial by time effect for the transient activity during the R+ and Rtrials (P < 0.001). Then voxel clusters identified by the conjunction were assessed for significance by using Monte Carlo procedure (P < 0.05, corrected for multiple comparison for the whole brain with conjunction null hypothesis; ref. 16 ). Identical procedures were employed to estimate and test regression coefficients and indirect effect. Alternative, control models (see above) were also tested by using this dataset. To quantitatively compare the alternative models, χ 2 tests were performed. Further, Adjusted Goodness of Fit Indices (AGFI; determination coefficient adjusted by the degree of freedom in the model; ref. 21) were inspected.
To demonstrate personality-dependent activity dynamics during R+ trials, each activity component was calculated based on the reward-sensitivity score. The magnitudes for sustained, earlytransient, and late-transient activity was averaged within 10 highest and lowest score participants and then separately plotted along the temporal axis. The signal magnitude represents the activity increases relative to the fixation block and, thus, the baseline of the transient effects is their sustained effects.
SI Results
Behavioral Results. Accuracy. Accuracy of the task was high, >95% correct for all conditions: 96.5 ± 4.0% (mean ± SD) for R+N trial, 96.0 ± 6.1% for R-N trial, 95.5 ± 7.0% for R+L trial, and 98.3 ± 3.2% for R+H trial. A one-way repeated measures ANOVA was performed with the types of trial (R-N, R+N, R+L, R+H) as the factor. The main effect was not significant [F (3,90) = 2.10, P = 0.11], probably due to a ceiling effect. Percent reward rate for the R+H and R+L trials were 87.3 ± 13.1%, indicating that the participants were well-rewarded during the R+ block by improving their behavioral performance. The reaction times (RTs) were 945.5 ± 211.3 ms for R-N trial, 752.0 ± 180.4 ms for R+N trial, 722.98 ± 149.9 for R+L trial, and 685 ± 154 ms for R+H trial (Fig. S2A) . Personality assessments. The personality score of the reward-sensitivity trait was 40.9 ± 5.3 for the Behavioral Activation System and Behavioral Inhibition System (BAS/BIS), 8.9 ± 2.3 for Generalized Reward and Punishment Expectancy Scale (GRAPES), and 23.7 ± 3.3 for Regulatory Focus Questionnaire (RFQ), respectively. All of the mean scores were within normal ranges (5-7). The reward sensitivity score was then calculated by averaging the z scores of each personality score within individual participants (Methods). One participant was excluded in individual differences analysis because of an outlier score (2.8). The resulting mean score was 0.08 ± 0.72. The score ranged from −1.20 to +1.40. Correlation between personality and performance. In addition to the primary correlations between reward-sensitivity and the behavioral reward context effect reported in the primary text, additional correlational analyses were also conducted with the behavioral trial reward value effect. Partial correlations examined the relationship between reward-sensitivity and RT facilitation in the R+L and R+H trials (controlling for R+N and/or R+L performance). None of the correlations were significant (|r| < 0.23, P > 0.23) (Fig. S2 B  and C) . These results suggest that the reward sensitivity trait is reflected in contextually-based behavioral enhancement during the R+ block, rather than trial-by-trial effects of reward value.
Imaging Results. We examined the effects of contextual and trial reward value on both sustained and transient activation in the right lateral prefrontal cortex lPFC region identified in the whole brain exploratory analysis (Fig. S3A) . For transient effects, activation in R+N, R+L, and R+H trials was significant during the early-trial period, (R+H: t (30) = 2.9, P < 0.01; R+L: t (30) = 4.1, P < 0.001; R+N: t (30) = 3.0, P < 0.001), but not during the late-trial period [t < 1.6; P > 0.10]. In both periods, the magnitude did not show an effect of trial type (EARLY: F (2,60) = 1.4, P = 0.26; LATE: F (2,60) = F (2,60) = 0.28, P = 0.76). Importantly however, the difference between early and late transient period was also significant (F (1,30) = 4.4, P < 0.05), suggesting significant deflection in the late period independent of reward value. A direct examination of the timecourse data shows similar magnitude and temporal pattern, with larger transient activity during early-transient period, but larger deflection during late-transient period (Fig. S3B ). Brain and behavior relationships. To further examine whether PFC activity dynamics were modulated by trial reward value effects on RT, voxel-wise correlations were conducted between late-trial transient activation and the trial reward value RT facilitation effect (R+H vs. R+L and R+L vs. R+N) within the lateral PFC region of interest. As shown in Fig. S4 , no significant clusters of correlated voxels were identified. Parietal region. To examine whether the parietal region identified in the whole brain exploratory analysis (Table S1 ) exhibited similar effects as observed in the lPFC ROI, correlations were examined between the parietal activity (sustained, early transient, and late transient) and behavioral measurement (RT facilitation or reward sensitivity score). No significant correlation was observed. Mediation analysis. In addition to the primary mediation analyses reported in the main text, supplementary analyses were also conducted to examine the robustness of the present mediation effect (Methods). In one analysis the region of interest was identified independently of any brain-behavior correlations (see Methods for definition). A single focal lPFC region was identified [Tarairach coordinate: (42, 30, 22 ); 20 voxels]. As shown in Fig. S5A , the model successfully explained the data (χ 2 = 1.7, P = 0.42; AGFI = 0.85), and more critically, the significant indirect effect and regression coefficients were again confirmed (indirect effect: β = −0.06, P < 0.05; regression coefficients: all βs, P < 0.05). Additional analyses tested control (null) models, which examined the specificity of the causal paths. As shown in Fig. S5B , if the causal direction of the sustained/early-transient and late-transient effects are reversed, the model fails to fit the data (χ 2 = 9.8, P < 0.01; AGFI = 0.30). Accordingly, the indirect effect also failed to reach significance (P = 0.77), whereas the direct effect remained significant (P < 0.05). Finally, as shown in Fig. S6 , both path components need to be included for the mediation effect to be reliable. If the sustained/early-transient or late-transient effect is eliminated from the model, the mediation indirect effects are no longer significant (P > 0.17). Reaction times were faster on reward trials and also modulated by the magnitude of the reward. R+N, nonreward trial; R+L, low-reward trial; R+H, high-reward trial. Reward sensitivity score does not correlate with reaction time facilitation during R+L trials (B) or R+H trials (C). **, P < 0.01; *, P < 0.05. In another model, with the causal relation between the sustained/early-transient and late-transient effects reversed, the model failed to fit the data. The indirect effect was not significant, whereas the direct effect remained significant. **, P < 0.01; *, P < 0.05. AGFI, adjusted goodness of fit index. Coordinates are the center of the cluster and listed in the Tarairach space (12) . BA is the Brodmann area near the coordinates and is approximate. The size of cluster was indicated by the number of voxel. *, P < 0.001.
